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NOMENCLATURE 


d  diameter  of  cylindrical  structures  (mm) 

/  frequency  of  ice  force  fluctuations  (Hz) 

h  thickness  of  ice  sheet  (mm) 

k  stiffness  of  structures  (N/m) 

v  relative  velocity  of  the  structures  with 
respect  to  the  ice  sheet  (mm/s) 

Be  equivalent  width  of  two  structures  in 
case  of  common  buckling  failure, 
Bt~d  +  S  (mm) 

C  coefficient  defined  in  eq  7 

Fb  buckling  load  (N) 

Fe  buckling  load  in  case  of  common  buck¬ 
ling  failure— summation  of  buckling 
load  on  two  structures  (N) 

Fj  initial  peak  force  on  conical  structure 
(N) 

Fm»x  maximum  force  on  conical  structure 
(N) 

Fr  theoretical  ice  force  on  conical  structure 
(N) 

Fx  longitudinal  ice  force  in  the  direction  of 
the  structure  movement— see  Figure  2 
(N) 


Fxmtx  maximum  of  Fx  during  a  test  (N) 
^xmean  average  of  Fx  during  a  test  (N) 

Fy  transverse  ice  force,  perpendicular  to 
structure  movement — see  Figure  2  (N) 

Fy max  maximum  of  F  during  a  test  (N) 

Fz  vertical  ice  force  (N) 

K  specific  weight  of  water— foundation 
modulus  (N/m1) 

L  characteristic  length  of  a  floating  ice 
sheet  (mm) 

5  center-to-center  distance  between  two 
structures  (mm) 

e  strain  rate  estimated  from  eq  1  (s'1) 

6  direction  of  resultant  force  as  defined  in 
Figure  2  (°) 

ac  confined  compressive  strength  of  col¬ 
umnar  ice  sheet— see  Figure  3  (N/m1) 

of  flexural  strength  of  ice  (kPa) 

cru  unconfined  compressive  strength  of  col¬ 
umnar  ice  sheet  as  determined  from  in 
situ  tests— see  Figure  3  (kPa) 
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ICE  ACTION  ON  PAIRS  OF  CYLINDRICAL 
AND  CONICAL  STRUCTURES 


K.  Kato  and  D.S.  Sodhi 


INTRODUCTION 

This  experimental  study  investigates  the  ice 
forces  generated  during  an  ice  action  on  two  struc¬ 
tures  that  are  situated  side  by  side.  This  study  is 
motivated  by  the  need  to  understand  the  inter¬ 
action  with  moving  ice  of  two  or  more  legs  of  an 
offshore  structure,  such  as  an  oil  drilling  plat¬ 
form.  We  expect  ice  actions  and  the  resulting  ice 
forces  to  be  different  from  those  on  a  single, 
isolated  structure.  If  the  distance  between  the 
structures  is  small,  it  is  possible  that  the  failure  of 
ice  around  one  structure  may  affect  the  ice  failure 
around  the  other  structure,  and  this  interaction 
may  influence  the  ice  forces  and  the  vibrations  felt 
by  both  structures.  On  the  other  hand,  if  the  dis¬ 
tance  between  the  structures  is  large,  the  ice  action 
on  one  structure  may  be  independent  of  the  other. 
Since  the  mode  of  ice  failure  depends  upon  the  as¬ 
pect  ratio  (ratio  of  structure  width  to  ice  thick¬ 
ness),  it  is  possible  for  closely  spaced  structures  to 
act  as  one  structure  of  increased  width  and  to  pro¬ 
duce  an  entirely  different  mode  of  failure  than  the 
one  they  would  have  produced  had  they  interacted 
with  the  ice  independently. 

We  observed  the  mode  of  ice  failure  and  meas¬ 
ured  the  ice  forces  when  pairs  of  structures  were 
pushed  through  an  ice  sheet.  The  parameters  that 
were  changed  during  the  experimental  program 
were  the  diameter  of  the  structures,  the  distance 
between  them  and  their  relative  velocity  with  re¬ 
spect  to  the  ice.  The  structure  shapes  used  were 
cylindrical  and  conical.  We  attempted  to  maintain 
the  thickness  of  the  ice  sheet  within  a  narrow 
range.  The  ice  properties  were  measured  intermit¬ 
tently  during  the  experiments,  and  these  were  used 


to  normalize  the  ice  forces.  The  results  are  pre¬ 
sented  in  terms  of  maximum  and  mean  force 
levels.  We  also  investigated  the  dependence  of  the 
dominant  frequency  of  ice  force  variations  on  rel¬ 
ative  velocity,  ice  thickness  and  other  parameters. 


EXPERIMENTAL  SETUP 
AND  PROCEDURE 

We  conducted  the  experiments  by  moving  the 
model  structures  through  an  ice  sheet  as  shown 
schematically  in  Figure  1  (see  Fig.  22  for  schematic 
of  conical  structures  setup).  In  earlier  experiments 
(Haynes  et  al.  1983),  we  pushed  ice  sheets  against 
fixed  model  structures  to  study  this  interaction 
and  to  measure  the  ice  forces.  In  this  study,  the 
model  structures  were  mounted  on  cantilever 
beams  that  were  held  in  frames  mounted  on  the 
lower  beam  of  the  carriage  in  the  CRREL  test 
basin.  The  distance  between  the  structures  could 
be  easily  changed.  The  forces  were  measured  by 
monitoring  the  response  of  strain  gauges  installed 
on  the  cantilever  beams.  The  natural  frequency  of 
the  free  vibration  of  the  force-measuring  beam 
was  determined  to  be  in  the  range  of  70  to  80  Hz. 
The  amplified  data  from  the  strain  gauge  circuits 
were  filtered  with  a  10-Hz  low  pass  filter,  which 
had  a  fall  ’ff  rate  of  40  dB/decade.  On  each 
structure,  the  forces  in  three  directions  could  be 
monitored:  Fx,  the  force  component  parallel  to  the 
structure  movement;  Fy,  the  force  component  per¬ 
pendicular  to  the  structure  movement;  and  Fv  the 
vertical  force  component.  The  positive  directions 
of  all  force  components  are  defined  in  Figure  1. 
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Figure  I.  Experimental  setup  for  cylindrical  structures  (plan  view  shows  force  com¬ 
ponents). 


These  forces  were  recorded  in  both  digital  and  an¬ 
alog  forms.  The  scan  interval  for  the  digital  data 
acquisition  was  10  ms. 

For  a  particular  distance  between  the  pair  of 
structures,  tests  were  performed  at  four  different 
velocities.  A  set  of  four  tests  is  called  a  test  series, 
and  after  each  test  series,  the  distance  between 
structures  was  changed.  Three  to  four  test  series 
were  conducted  using  one  ice  sheet. 

We  tested  two  different  structure  shapes— cylin¬ 
drical  and  conical.  The  diameters  of  the  vertical 
cylindrical  structures  were  64  mm  (2.5  in.),  152 
mm  (6  in.)  and  305  mm  (12  in.),  and  they  were 
made  of  wood  with  a  skin  of  smooth  aluminum 
sheeting.  The  conical  structures  had  a  slope  of  45  ° 
from  the  horizontal,  and  their  base  diameter  and 
height  were  540  mm  (21.3  in.)  and  190  mm  (7.5 
in.)  respectively.  One  of  these  was  made  of  plastic 
and  the  other  was  made  of  wood  with  an 
aluminum  skin.  The  surface  of  the  plastic  struc¬ 
ture  appeared  to  be  rougher  than  the  one  with  the 
aluminum  skin. 

The  ice  sheets  were  grown  by  seeding  and  freez¬ 
ing  a  0.95%  urea-in-water  solution  at  an  ambient 
temperature  of  -12°C.  The  resulting  ice  sheet 
had  three  layers:  a  thin  seed  layer  at  the  top,  a 


fine-grained  transition  layer  (about  20%  of  thick¬ 
ness)  and  a  coarse-grained  bottom  layer  (about 
80%  of  thickness).  The  texture  throughout  was 
columnar.  Before  each  test  series,  the 
characteristic  length  L,  flexural  strength  <rf  and  in 
situ  uniaxial  compressive  strength  au  of  the  ice 
sheet  were  measured  by  conducting  three  different 
types  of  tests.  We  determined  the  characteristic 
length  of  the  floating  ice  sheet  by  placing  dead 
weights  on  it  in  discrete  increments  and  then 
monitoring  its  deflection.  This  procedure  is 
described  in  detail  by  Sodhi  et  al.  (1982b).  We 
determined  the  flexural  strength  of  the  ice  by 
pushing  down  cantilever  beams  until  they  failed 
and  computing  the  flexural  strength  from  the 
failure  load.  We  conducted  the  unconfined  com¬ 
pressive  strength  test  on  weak,  laboratory-grown 
ice  in  situ  by  compressing  a  cantilever  beam  (Kato 
et  al.  1982).  Since  this  test  was  not  conducted  for 
some  test  series,  we  estimated  it  using  a  relation¬ 
ship  developed  between  the  bending  and  uniaxial 
compressive  strengths  through  regression  analysis 
(Appendix  A). 

It  should  be  noted  that  the  model  ice  grown  in 
the  test  basin  had  a  columnar  texture,  and  that  the 
compressive  strength  of  columnar  ice  is  known  to 
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Figure  2.  Compressive  strengths  of  columnar  ice;  a-uncon/ined;  b-confined. 


have  different  values  for  different  crystallographic 
orientations  and  different  values  depending  on 
whether  the  material  is  confined  or  not  (Ralston 
1978,  Frederking  1977).  The  unconfined  and  con¬ 
fined  compressive  strengths  of  columnar  ice  are 
defined  by  <ru  and  as  shown  in  Figure  2.  The 
significant  difference  between  the  unconfined  and 
confined  compressive  strength  tests  is  the  way  the 
ice  fails  during  each  test  In  the  case  of  an  uncon¬ 
fined  compressive  strength  test,  the  failure  takes 
place  along  vertical  planes  resulting  in  sliding 
failure.  During  the  confined  compressive  strength 
tests,  the  material  is  confined  laterally  to  make  it 
move  vertically  up  or  down  and  the  failure  results 
in  either  pulverization  of  the  ice  or  shearing  along 
inclined  planes  that  cut  the  vertical  columnar 
crystals.  Thus  the  confined  compressive  strength  is 
generally  higher  than  the  unconfined  compressive 
strength.  Since  the  confined  compressive  strength 
u.  was  not  measured,  it  is  assumed  to  be  a  multiple 
of  confined  compressive  strength  ou.  This  point 
will  be  discussed  later  during  the  analysis  of  ice 
force  data  on  a  single,  isolated  structure. 

RESULTS  AND  DISCUSSION 

The  results  of  experiments  on  cylindrical  and 
conical  structures  will  be  presented  separately  as 
the  ice  action  on  these  structures  is  quite  different. 

Cylindrical  structures 

General  observations 

We  identified  the  failure  modes  primarily  by 
observation  but  also  by  examining  the  force 
records  for  each  test.  These  are  summarized  in 
Table  Bl  along  with  the  conditions  for  each  test. 


Basically,  we  observed  three  different  failure 
modes  during  the  experiments:  continuous 
crushing,  buckling  and  bending.  We  sometimes 
saw  a  failure  moue  change  during  a  test,  especially 
from  continuous  crushing  to  buckling.  We  also 
observed  that  the  different  modes  of  failure  took 
place  around  each  structure  in  the  same  test,  for 
example,  continuous  crushing  on  one  and  buck¬ 
ling  on  the  other.  When  the  structures  were  placed 
close  to  each  other,  the  ice  sheet  buckled  in  a 
failure  /one  common  to  both  structures. 

Quite  dixtitigui:  hable  from  the  continuous 
crushing  and  buckling  modes  of  failure  was  ben¬ 
ding  failure  that  sometimes  took  place  unex¬ 
pectedly  when  the  ice  sheet  was  thin  and  warm. 
The  ice  sheet  would  bend  downward  and  a  small 
amount  of  flooding  could  be  seen  in  front  of  the 
structure.  We  also  observed  a  large  plastic  defor¬ 
mation  after  the  tests  with  bending  failure.  Since 
the  force  level  for  this  mode  of  failure  was  small, 
the  results  of  these  tests  are  not  discussed. 

Figure  3  shows  photographs  of  the  tests  during 
which  continuous  crushing  took  place.  The  tracks 
made  by  the  structures  in  the  ice  are  shown  in 
Figures  4.  When  the  structures  were  placed 
relatively  close,  only  one  track  of  the  width  equal 
to  the  combined  width  of  the  structures  was 
observed  (Fig.  4a).  When  the  structures  were 
located  far  apart,  two  tracks  of  the  same  width  as 
the  diameter  of  each  structure  were  observed  (Fig. 
4b).  The  ice  left  between  the  tracks  had  lateral 
cracks  as  shown  in  Figure  5. 

Examples  of  the  force  records  are  given  in 
Figures  6  and  7.  We  observed  that  the  ice  velocity 
was  an  important  factor  in  determining  the  mode 
of  failure.  For  instance,  the  ice  would  buckle 
against  the  structure  for  a  particular  setup  at  low 
velocity  and  fail  in  crushing  at  a  higher  velocity. 
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{■'inure  3.  Crushing  failure. 
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Lee  (1981)  and  Sodhi  (1983)  have  shown  that  a 
higher  rate  of  loading  requires  a  higher  load  for 
the  ice  sheet  to  buckle.  Thus  a  crushing  failure  can 
result  at  higher  ice  velocities  because  less  force 
may  be  required  for  a  crushing  failure  than  that 
for  a  buckling  failure. 

Crushing  failure 

In  this  section  we  will  discuss  experimental 
results  for  continuous  crushing  failure.  A  sum¬ 
mary  of  tests  results  is  given  in  Table  B2,  which 
lists  maximum  longitudinal  ice  force  (Fxmax),  the 
mean  longitudinal  ice  force  (Fxmean)  and  the  max¬ 
imum  ice  force  in  the  transverse  direction  (Fymax) 
during  each  test.  The  mean  force  was  computed 
over  that  period  of  time  when  continuous  crushing 
took  place.  For  instance,  the  mean  force  was  com¬ 
puted  for  the  entire  duration  of  the  force  record 
shown  in  Figure  6a,  whereas  the  forces  were 
averaged  between  the  time  interval  of  5  to  10.5 
seconds  of  the  force  record  shown  in  Figure  6b. 

For  a  test  series,  we  observed  no  dependence  of 
ice  forces  on  velocity  for  continuous  crushing 
(Table  B2).  Michel  and  Toussaint  (1977)  compiled 
data  on  uniaxial  compressive  strength  and  inden¬ 
tation  strength  of  ice  and  they  also  find  no 
dependence  of  compressive  strength  on  the  strain 
rate  when  it  is  in  the  brittle  range  (i.e.  t  >  10  !  s  '). 
They  give  an  approximate  expression  for  the  strain 
rate  (f)  in  the  ice  around  a  structure  as 

«  =  (v/4  d)  (1) 

where  v  is  the  velocity  and  d  the  diameter  of  inden- 
tor  (cylindrical  structure  in  this  case).  Using  eq  1, 
we  found  that  the  range  of  strain  rate  in  our  ex¬ 
periments  was  0.02  s'1  to  0.1  s-'  for  the  152-mm- 
diameter  structures,  0.079  s"  to  0.197  s'1  for  the 
64-mm-diameter  structures  and  0.021  s'1  to  0.082 
s'1  for  305-mm-diameter  structures.  Although  the 
strength  and  strain  rate  relationship  for  urea- 
doped  ice  has  not  been  established,  the  high  strain 
rates  in  our  experiments  can  be  assumed  to  be  in 
the  brittle  failure  zone,  in  which  the  crushing  loads 
are  independent  of  strain  rate.  Frederking  et  al. 
(1982)  have  reported  an  increase  of  ice  forces  with 
velocity,  but  the  scatter  in  their  data  does  not  sug¬ 
gest  any  trend  for  the  range  of  velocities  and 
diameters  used  in  our  tests.  Since  the  ice  forces  are 
not  dependent  upon  the  velocity,  the  ice  forces 
discussed  in  later  sections  are  the  average  ice  force 
for  a  test  series. 

In  the  following  sections  we  discuss  the  ice 
crushing  forces  and  take  into  account  the  aspect 


ratio  effect,  the  interaction  effects  of  two  struc¬ 
tures  and  the  dominant  frequency  in  the  ice  force 
records. 

Aspect  ratio  effect.  Since  the  test  series  were 
performed  with  different  ice  thicknesses  and 
strengths,  it  is  only  meaningful  to  compare  force 
data  obtained  from  different  tests  by  taking  the  ef¬ 
fect  of  the  aspect  ratio  (structure  diameter/ice 
thickness)  into  account  using  the  following  equa¬ 
tion: 

=  f(d/h)acdh  (2) 

where  oc  is  the  uniaxial  confined  compressive 
strength  of  columnar  ice,  d  the  diameter  of  the 
structure  and  h  the  ice  thickness;  f(d/h )  is  a  func¬ 
tion  expressing  the  effect  of  aspect  ratio  (d/h). 

When  the  distance  between  the  two  structures 
was  small,  the  measured  forces  might  have  been 
affected  by  the  interaction  between  structures. 
Therefore,  the  following  discussion  is  limited  to 
the  tests  when  the  distance  between  the  structures 
was  more  than  five  times  the  diameter  (see  Interac¬ 
tion  Effects  on  Ice  Forces  section  for  discussion  of 
how  this  criterion  was  obtained).  The  average  and 
range  of  f  xmax  and  f  xm(.an  are  plotted  with  respect 
to  the  aspect  ratio  d/h  in  Figure  8.  To  quantify  the 
effect  of  aspect  ratio,  we  chose  the  following 
equation  proposed  by  Afanas’yev  et  al.  (1972): 

Fxmax  =  fl(h/d)+\  O'.dh.  (3) 

In  this  study  we  assume  the  confined  compressive 
strength  (oc)  to  be  a  multiple  of  unconfined  com¬ 
pressive  strength  (0U),  i.e.,  oc  =  Aou.  where  A  is  a 
constant. 


Figure  S.  Ice  forces  versus  aspect  ratio  fd<  h>. 


9 


s 

d 


figure  9.  formalized  maximum  forces  versus  ratio 
of  center-to-center  distance  to  structure  diameter 
(S/dy. 

A  nonlinear  regression  analysis  was  performed 
on  the  data  for  the  maximum  and  mean  force 
levels  to  determine  the  coefficient  A.  Although  the 
number  of  data  points  are  few  (due  to  the  five 
times  diameter  separation  criterion),  the  aspect 
ratio  effect  can  be  expressed  by  the  following 
equation  for  the  maximum  force  level: 

Fxma,  =  2.33  fS(h/d)+\  oudh.  (4) 

Similarly,  the  mean  force  ^xmean  is  given  by 

f,mcan  =  1 .16\fi’(h/dJ  +  1  oudh.  (5) 

Plots  of  eq  4  and  5  are  also  shown  in  Figure  9. 

Equations  4  and  5  will  be  used  in  the  following 
discussion  to  represent  the  ice  forces  acting  on 
isolated  structures. 

Interaction  effects  on  ice  forces.  Any  interac¬ 
tion  between  two  structures  that  are  situated  side 
by  side  can  affect  the  magnitude  of  ice  forces  and 
the  ice-induced  vibrations.  In  this  section,  the  in¬ 
teraction  effect  on  ice  forces  will  be  discussed. 

The  maximum  forces  measured  in  each  test 
/xmax  are  normalized  by  the  right-hand  side  of  eq 
4  in  order  to  compare  the  maximum  forces  ob¬ 
tained  from  different  test  conditions.  The  average 
^xmax^001  each  test  series  is  plotted  in  Figure  9 
with  respect  to  the  ratio  of  the  center-to-center  dis¬ 
tance  S  to  the  structure  diameter  d.  When  the 
structures  are  located  far  apart,  the  plots  of  nor¬ 
malized  /xmax  are  scattered  around  1 .0  in  Figure  9 
because  eq  4  gives  the  maximum  force  on  an  iso¬ 
lated  structure.  The  normalized  /xmax  is  definitely 
less  than  1 .0  as  the  distance  between  the  structures 
decreases. 
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figure  10.  formalized  mean  forces  versus  ratio  of 
center-to-center  distance  to  structure  diameter 
(S/dy. 

The  same  procedure  is  applied  to  the  mean  force 
levels  Fxmean  which  are  normalized  with  the  right- 
hand  side  of  eq  5.  The  normalized  f%me an  is  plot¬ 
ted  with  respect  to  S/d  in  Figure  10.  The  trend  in 
Figure  9  is  seen  in  Figure  10  also.  The  normalized 
forces  approach  a  value  of  0.5  also  when  the  struc¬ 
tures  are  very  close  to  each  other. 

From  the  data  shown  in  Figures  9  and  10  we  can 
conclude  that  the  ice  action  on  two  structures  has 
no  interference  effects  when  the  distance  between 
their  centers  is  greater  than  five  times  the  diameter 
of  the  structure.  This  is  in  agreement  with  the 
results  of  Saeki  et  al.  (1978)  who  conducted 
similar  experiments  with  three  cylindrical  struc¬ 
tures.  On  the  basis  of  the  data  presented  in  Figures 
9  and  10,  an  empirical  formula  may  be  established 
that  accounts  for  the  interaction  effects  between 
the  two  structures. 

Several  investigators  (Frederking  1977,  Ralston 
1978,  Reinicke  and  Remer  1978)  have  reported 
that  the  confinement  of  ice  is  important  to  the 
strength  of  columnar  ice  because  it  is  dependent 
on  hydrostatic  stress.  Although  a  criterion  that 
fully  describes  the  state  of  stress  at  failure  has  not 
been  well  established,  it  is  recognized  that  the  fail¬ 
ure  of  ice  depends  on  the  hydrostatic  stress  devel¬ 
oped  due  to  confinement.  We  observed  that  the  ice 
between  the  structures  either  cracked  laterally  or 
was  completely  pulverized.  The  ice  between  the 
structure  failed  without  offering  much  resistance 
to  them  because  the  ice  was  not  confined.  Per¬ 
haps,  transverse  vibrations  of  the  structures  play  a 
role  in  the  failure  of  ice  between  the  structures. 

Average  ratios  of  F  x  to  Fxmax  over  a  test 
series  are  plotted  in  Figure  1 1  with  respect  to  S/d. 

It  can  be  seen  that  the  ratio  decreases  with  the  in- 
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Figure  11.  Ratio  of  maximum  transverse  and 
longitudinal  forces  (F  vmax/F xmax)  versus  ratio  of 
center-ro-center  distance  to  structure  diameter 
(S/d). 


Figure  12.  Resultant  force  direction  6  versus  S  for  the 
152-mm-diameter  structure. 


crease  in  distance  between  the  structures.  For  the 
152-mm-diatneter  structures  the  ratio  decreases 
from  about  0.4  to  0. 1 .  The  same  trend  can  be  seen 
for  the  64-mm-diameter  structures,  but  the  values 
of  ^ymax-^xmax  are  higher  than  those  for 
152-mm-diameter  structures.  For  the  305-mm- 
diameter  structures,  it  is  difficult  to  see  any  trend 
due  to  the  small  number  of  data  points,  but  the 
scatter  in  the  data  is  in  the  same  range  as  that  for 
the  152-mm-diameter  structures.  This  suggests 
that  the  data  points  for  305-cm-diameter  struc¬ 
tures  might  have  the  same  behavior  as  that  for 
152-mm-diameter  structures. 

It  should  be  noted  that  Fxmax  and  F  M  did  not 
occur  at  the  same  time.  The  angles  of  inclination 
of  the  resultant  force,  9  =  tan-1  (Fy/Fx)  (see  Fig. 
I ),  were  calculated  over  some  intervals  of  time;  the 
average  values  of  9  are  listed  in  Table  B3.  Figure 


12  shows  the  variation  of  the  average  angle  6  with 
respect  to  center-to-center  distance  for  the 
152-mm-diameter  structures.  This  figure  also 
shows  that  the  angle  decreases  with  the  increase  in 
S,  and  it  is  constant  when  the  ratio  S/d  is  more 
than  4. 

The  average  value  of  9  may  be  considered  to 
correspond  to  the  location  of  the  ice  failure  zone 
around  a  structure.  When  the  structures  are  placed 
far  apart,  the  ice  tends  to  fail  symmetrically 
around  the  structure,  whereas  when  the  structures 
are  placed  near  each  other  the  ice  tends  to  fail  on 
one  side.  We  attribute  this  inclination  of  the  re¬ 
sultant  force  direction  to  the  reduced  strength  of 
ice  between  the  structures. 

It  is  interesting  to  note  the  variations  of  longi¬ 
tudinal  and  transverse  forces  for  isolated  struc¬ 
tures,  i.e. ,  when  S/d  a  4.  For  the  64-mm-dia- 
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meter  structures,  both  the  ratios  of  F  mi/F|inM 
and  the  average  angle  of  force  direction  are  higher 
than  those  for  the  152-mm-diameter  structures.  In 
Figure  7a  the  force-time  histories  of  Fx  and  Fy  for 
the  64-mm-diameter  structures  are  shown.  The 
lateral  force  Fy  seems  to  be  correlated  with  the 
longitudinal  force  Fx,  and  its  magnitude  is  sub¬ 
stantial  in  comparison  to  the  longitudinal  force. 
Similar  force-time  histories  are  shown  in  Figure 
7b  for  the  152-mm-diameter  structures.  In  this 
case,  the  lateral  force  Fy  does  not  have  any  corre¬ 
lation  with  Fk,  and  its  magnitude  is  very  small  in 
comparison  to  the  magnitude  of  Fx.  These  obser¬ 
vations  may  be  explained  in  the  following  manner. 

Relative  to  the  structure  diameter,  the  average 
size  of  broken  pieces  of  ice  for  the  64-mm-dia¬ 
meter  structures  was  larger  than  that  for  the 
152-mm-diameter  structures.  If  the  concept  of 
multiple  failure  zones,  as  proposed  by  Kry  (1978, 
1981),  can  be  applied  to  the  crushing  failure 
around  the  two  different  structure  sizes  in  our  ex¬ 
periments,  we  may  conclude  that  failure  zones 
around  the  152-mm-diameter  structures  were 
more  in  number  than  around  the  64-mm-diameter 
structures.  Thus  the  resultant  force  generated  by 
many  failure  zones  around  a  large  structure  tends 
to  be  aligned  along  the  direction  of  ice  movement. 
Perhaps  the  mode  of  crushing  action  may  be  dif¬ 
ferent  for  the  two  sizes,  i.e.,  the  64-mm-diameter 
structure  induced  an  indentation  failure  in  the  ice 
sheet,  whereas  the  152-mm-diameter  structure  in¬ 
duced  a  flaking  type  of  ice  failure.  This  point  will 
be  discussed  further  in  relation  to  the  dominant 
frequency  in  the  ice  force  record. 

Ice-induced  vibration.  In  continuous  crushing 
failure,  the  forces  fluctuated  considerably  as 
shown  in  Figures  6a,  6c-e  and  7.  These  fluctu¬ 
ations  may  have  correlation  with  the  frequency  of 
ice  failure  during  the  ice-structure  interaction;  we 
will  call  the  frequency  of  ice  failure  the  frequency 
of  ice-induced  vibration.  Since  the  natural  fre¬ 
quency  of  the  structures  was  much  higher  than  the 
dominant  frequencies  in  the  ice  force  record,  we 
believed  there  was  no  modification  of  ice  forces  in 
the  measuring  system  due  to  structural  vibration. 
For  an  isolated  structure,  it  may  be  assumed  that 
there  is  a  correlation  between  the  frequency  of  ice- 
induced  vibration  and  the  ice  velocity  (Neill  1976, 
Maattanen  1980).  On  the  other  hand,  the  interac¬ 
tions  between  two  closely  placed  structures  may 
alter  that  correlation  because  the  forces  generated 
between  the  structure  and  the  ice  sheet  are  af¬ 
fected. 

We  did  Fourier  transforms  on  the  ice  force 
records  to  obtain  the  dominant  frequency  of  ice- 
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Figure  13.  Autospectra  of  ice  force  records.  The  ordinate 
values  have  been  normalized  by  the  maximum  value  in 
the  autospectra. 

induced  vibration.  The  typical  autospectra  of 
force  records  are  shown  in  Figure  13.  The  domi¬ 
nant  frequency  of  ice-induced  vibration  can  be 
clearly  established  from  autospectra,  and  these  are 
listed  in  Table  B4  and  plotted  in  Figure  14  with 
respect  to  the  ice  velocity.  For  the  structures 
placed  far  apart,  Figures  14c-c  show  a  trend  of  in¬ 
crease  in  the  dominant  frequency  of  ice-induced 
vibration  with  increase  in  ice  velocity.  On  the 
other  hand,  there  is  no  such  trend  in  Figures  14a 
and  b  for  the  closely  placed  structures.  Moreover, 
the  autospectra  for  the  isolated  structures  have  a 
distinct  peak  (Fig.  13a),  whereas  it  becomes  dif¬ 
ficult  to  pick  a  distinct  peak  in  the  autospectra  for 
the  structures  placed  close  to  each  other  (Fig. 
13b).  These  two  phenomena— the  lack  of  correla¬ 
tion  between  the  dominant  frequency  and  veloci¬ 
ty,  and  the  complicated  power  spectra— may  be 
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considered  an  effect  of  interaction  between  two 
structures.  We  also  observed  that  the  interaction 
effects  did  not  exist  in  the  test  series  where  the 
distance  between  the  structures  was  more  than  five 
times  the  diameter. 

Since  a  relationship  exists  between  the  frequen¬ 
cy  of  ice-induced  vibration  and  velocity  for  the 
tests  on  isolated  structures,  a  discussion  on  this 
relationship  is  presented  below. 

Neill  (1976)  had  a  simple  explanation.  He  said 
that  the  ice  tends  to  break  into  fragments  of  a  cer¬ 
tain  size  distribution  and  that  this  size  distribution 
together  with  velocity  determines  a  frequency 
spectrum.  Thus  it  is  reasonable  to  assume  that  the 
frequency  of  ice-induced  vibration  may  be  related 
to  the  size  of  the  ice  failure  zones  in  front  of  the 
structure  and  directly  proportional  to  the  ice 
velocity.  Further,  the  size  of  ice  failure  zones  may 
be  dependent  on  ice  thickness.  To  explore  such 
dependence,  the  frequencies  of  ice-induced  vibra¬ 
tions  are  plotted  with  respect  to  the  ice  thickness 
for  the  tests  on  64-mm-diameter  structures  in 
Figure  15a  and  for  the  tests  on  152-mm-diameter 
structures  in  Figure  1 5b.  In  Figure  15a,  the 
averages  of  frequency  obtained  from  two  struc¬ 
tures  are  plotted.  In  spite  of  the  limited  data,  a 
trend  of  decreasing  frequency  with  increasing  ice 
thickness  is  tenable. 

Maattanen  (1980)  proposed  the  following  equa¬ 
tion  that  estimates  an  upper  bound  for  the  fre¬ 
quency  of  the  ice-induced  sibration 

/  =  Av  <7.  hd  (6) 

where  /  is  the  frequency.  A  is  the  stiffness  of  the 
structure,  <rc  is  the  compressive  strength,  h  is  the 
ice  thickness,  d  is  the  diameter  of  the  structure, 
and  i  is  the  ice  velocity.  As  shown  by  experimental 
results,  the  frequency  is  proportional  to  ice  veloci¬ 
ty,  and  it  may  be  proportional  to  the  inverse  of  ice 
thickness.  Although  the  effect  of  strength  on  the 
frequency  cannot  be  explicitly  determined,  we 
assume  h  to  be  ot  secondary  importance  as  the 
variations  of  ice  strength  in  our  experiments  were 
small  If  the  frequency  is  to  be  proportional  to  the 
inverse  of  ice  thickness,  the  changes  in  frequency 
should  not  be  large  because  the  range  of  ice 
thickness  was  35  to  50  mm.  If  the  frequency  of  ice- 
induced  vibrations  is  to  be  proportional  to  the  in¬ 
verse  of  the  structure  diameter  according  to  eq  6, 
the  frequencies  of  ice-induced  vibration  for  the 
tests  on  the  64-mm-diameter  structures  should 
show  frequencies  at  least  2.4  times  larger  than  the 
tests  on  152-mm-diameter  structures.  But  contrary 


I- inure  16.  Continued  plot  of  ice-induced  vibration 
tret/uencY  versus  velocity  for  lest  series  500  and  900. 


results  are  shown  in  Figures  14c  and  d — the  fre¬ 
quency  of  ice-induced  vibrations  for  the  tests  on 
the  152-mm-diameter  structures  is  much  higher 
than  lhat  for  64-mm-diameter  structures  for  the 
same  velocities.  However,  Maattanen*  maintains 
that  eq  6  is  derived  from  the  theory  of  self-excited 
vibration  of  slender  structures,  and  the  structure 
in  our  experiment  was  much  too  rigid  for  the  ap¬ 
plication  of  this  theory. 

The  frequencies  of  ice-induced  v  ibration  for  the 
tests  on  the  305-mm-diameter  structures  and  the 
152-mm-diameter  structures  are  plotted  with 
respect  to  velocity  in  Figure  16,  and  it  is  surprising 
to  note  that  they  are  in  the  same  range.  To  explain 
the  above  results,  the  frequency  of  ice-induced 
vibration  may  be  assumed  to  be  related  to  the  size 
of  ice  failure  zones,  which  in  turn  may  depend 
upon  the  ice  thickness,  the  structure  diameter  or 
the  aspect  ratio  (d  h).  A  small  diameter  structure 
causes  a  large  failure  zone  relative  to  its  size, 
whereas  the  ice  tends  to  fail  in  several  places 
around  a  large  structure  (Kry  1978,  1981).  It  is 
well  known  that  the  mode  of  failure  for  small 
aspect  ratios  is  an  indentation  type  whereas  the 
failure  mode  for  large  aspect  ratios  is  a  flaking 
type.  As  a  result  of  different  modes  of  ice 
crushing,  we  may  expect  different  sizes  of  failure 
zones  for  different  aspect  ratios. 

To  test  this  hypothesis,  the  frequency  of  ice- 
induced  vibration  is  plotted  with  respect  to  v/h  in 
Figure  17,  and  the  lines  of  best  fit  through  the  data 
points  suggest  the  following  relation: 

•  Personal  communication  with  M.  Maattanen,  1982 
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figure  I7.  Ice-induced  vibration  frequen¬ 
cies  versus  ratio  of  relative  velocity  to 
thickness  of  ice  sheet  for  different  structure 
diameters 


I inure  IK.  Coefficient  C  versus  structure 
diameter  rd)  and  aspect  ratio  (dh). 

/  =  C  v/h  (7) 

where  C  is  a  nondimensional  coefficent  dependent 
on  the  aspect  ratio.  The  values  of  C  are  plotted 
with  the  respect  to  the  structure  diameter  d  and  the 
aspect  ratio  in  Figure  18  where  h  is  the  average  ice 
thickness  for  all  experiments.  Although  the  ex¬ 
perimental  results  are  not  extensive  enough  to  test 
this  hypothesis  conclusively,  we  can  see  from  the 
limiting  value  of  C  in  Figure  18  that  the  frequency 
of  ice-induced  vibrations  tends  to  be  independent 
of  the  structure  diameter  or  the  aspect  ratio. 


Buckling  failure 

It  is  well  known  that  the  ice  fails  by  buckling 
when  the  aspect  ratio  is  high.  In  this  experimental 
study  the  aspect  ratio  ranged  from  1.33  to  7.27 
and  a  few  buckling  failures  were  observed;  these 
were  two  types;  one  when  the  ice  sheet  buckled 
around  each  structure  separately,  and  the  other 
when  the  ice  sheet  buckled  simultaneously  around 
both  structures  and  had  a  common  failure  zone. 
The  latter  is  an  interaction  effect.  The  types  of 
buckling  failure  are  listed  in  Table  B5  along  with 
the  measured  buckling  loads. 

Several  theoretical  studies  on  buckling  of 
floating  ice  sheets  have  been  conducted  (Sodhi  and 
Flamza  1977,  Wang  1978,  Sodhi  1979).  Sodhi  et 
al.  (1982a)  have  reported  that  experimental  buck¬ 
ling  loads  agree  well  with  theoretical  buckling 
loads. 

Figure  19  shows  the  plots  of  normalized  buck¬ 
ling  load  versus  the  ratio  of  diameter  to 
characteristic  length.  All  the  data  listed  in  Table 
B5  are  plotted  in  Figure  19.  Data  points  for  the 
separate  failures  are  scattered  around  the 
theoretical  buckling  load  for  frictionless  boundary 
conditions  at  the  ice-structure  interface.  A  fric¬ 
tionless  boundary  condition  implies  no  restraint  to 
rotation  or  vertical  displacement  of  the  ice  edge, 
whereas  a  hinged  boundary  condition  implies 
complete  restraint  to  vertical  displacement  and  no 
restraint  to  rotation  of  the  ice  sheet  at  its  edge. 
The  experimental  data  for  simultaneous  buckling 
failure  are  generally  less  than  those  for  separate 
buckling  failure.  Since  the  smooth  surface  of  the 
structures  simulated  a  frictionless  boundary  con¬ 
dition,  we  can  conclude  that  the  experimental 
buckling  load  agrees  with  the  theoretical  buckling 
load  for  the  ice  sheet  buckling  around  each  struc¬ 
ture  separately. 

There  is  no  theoretical  analysis  available  for  the 
buckling  of  an  ice  sheet  against  two  structures 
simultaneously.  If  we  consider  two  closely  placed 
structures  to  be  a  single  structure  because  of  one 
failure  zone  in  the  ice  sheet,  the  buckling  load  can 
be  summed,  and  the  effective  width  of  the  two 
structures  Be  will  be  the  sum  of  the  center-to- 
center  distance  S  plus  the  diameter  of  each  struc¬ 
ture  d.  The  combined  results  are  listed  in  Table  B6 
and  are  plotted  in  Figure  20.  The  number  of  data 
points  is  too  small  to  make  any  definitive 
statements,  but  most  of  the  data  fall  slightly  below 
the  theoretical  buckling  load  for  frictionless  boun¬ 
dary  conditions.  Since  the  surface  of  the  structures 
were  smooth  and  nearly  frictionless,  we  consider 
this  modification  of  estimating  the  buckling  load 
on  two  structures  to  be  adequate. 
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Figure  IV.  Sortrtalized  buckling  loads  \  h  Kdl  •’  versus  ratio 
of  structure  diameter  to  characteristic  length  of  ice  sheet 
AJ  I  ). 


f  igure  20.  Sormulized  buckling  load  KB(l  against  two 
structures  versus  ratio  of  equivalent  width  of  two  structures  to 
characteristic  length 
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figure  21.  Experimental  setup  for  conical  structures. 


Conical  structures 

We  conducted  experiments  similar  to  those 
described  earlier  on  two  conical  structures  that 
were  placed  close  to  each  other.  A  schematic  of 
the  conical  structures  is  shown  in  Figure  21.  A 
description  of  how  these  structures  were 
fabricated  has  been  given  earlier.  In  the  following, 
the  modes  of  ice  failure  and  associated  forces  are 
discussed. 

General  observations 

Basically,  we  observed  two  failure  modes  during 
ice  action  on  the  conical  structures.  Hither  the  ice 
sheet  failed  around  each  structure  separately  (Fig. 
22a)  or  it  failed  around  both  structures  simultane¬ 
ously,  having  a  common  area  of  failure  (Fig.  22b). 
Generally,  the  separate  failure  zones  became  more 
pronounced  as  the  distance  between  two  structures 
increased.  Even  if  a  common  failure  zone  was  pro¬ 
duced  initially,  successive  failure  zones  could  be 
separate,  as  depicted  in  Figure  22a. 

Ice  action  against  an  isolated  conical  structure 
resulted  in  bending  failure  of  the  ice  sheet,  with 
radial  and  circumferential  cracks.  The  size  of  the 
affected  area  of  the  ice  sheet  is  related  to  us 
strength  and  elastic  properties.  With  ice  action 
against  two  conical  structures,  the  occurrence  of  a 
common  zone  of  failure  (Fig.  22b)  is  dependent  on 
the  ability  of  the  ice  to  support  itself  across  the 
span  between  the  structures.  As  the  distance  in¬ 
creases,  the  ice  sheet  between  the  structures  is  not 
lifted  because  of  its  weight  and  limited  strength. 
When  the  structures  are  far  apart,  they  act  as 
isolated  structures. 

Ice  forces  on  conical  structures 

Typical  portions  of  records  of  measured  ice 
forces  are  shown  in  Figure  23  for  the  failure  of  an 
ice  sheet  against  two  conical  structures.  The  max¬ 


imum  force  Fnlax  and  the  initial  peak  force  h\  for 
each  test  are  summarized  in  Table  B7  along  with 
the  experimental  conditions. 

Since  the  experiments  were  made  on  different 
ice  sheets,  a  direct  comparison  of  results  of  dif¬ 
ferent  tests  is  meaningless.  To  compare  data  ob¬ 
tained  from  various  tests,  we  chose  the  formula¬ 
tion  proposed  by  Ralston  (1 977)  for  normaliza¬ 
tion.  For  calculating  the  theoretical  ice  force  Fr 
from  Ralston's  formulation,  the  coefficent  of  fric¬ 
tion  is  assumed  to  be  0.05  for  the  structures  with 
the  aluminum  surfaces  and  0.15  for  the  structures 
with  the  plastic  surfaces. 

Normalized  forces,  i . e . ,  measured  forces  divid¬ 
ed  by  the  theoretical  force  l\  ,  are  summarized  in 
Table  B8.  Normalized  forces  /max  and  l\  are  plot¬ 
ted  w  ith  respect  to  ice  velocity  in  Figures  24  and  25 
respectively.  In  Figure  24,  the  trend  is  obvious, 
whereas  it  is  not  as  pronounced  in  Figure  25.  In 
spile  of  considerable  variation  in  the  data,  there  is 
a  tendency  for  the  forces  to  increase  with  velocity. 

Although  it  is  not  the  purpose  of  this  study  to 
evaluate  Ralston’s  formulation,  the  predicted 
theoretical  forces  are  always  larger  than  the  ex¬ 
perimental  forces  except  in  a  few  cases.  Ralston 
himself  stated  that  this  theory  would  overestimate 
an  ice  force  as  much  as  30(r,o  due  to  an  overestima¬ 
tion  of  contact  area  around  the  waterline.  We 
have  found  this  to  be  the  case  for  maximum  ice 
forces  at  low  ice  velocities  (Fig.  24  and  25).  But, 
the  effect  of  ice  velocity  mentioned  earlier  is  not 
taken  into  account  in  Ralston’s  formulation.  We 
found  that  the  normalized  initial  force  (F/Fr)  was 
less  than  the  normalized  maximum  force  (Fmax/ 
Ff)  (see  Fig.  24  and  25).  We  attribute  this  to  the 
configuration  of  the  ice  sheet  being  prepared  to 
have  a  straight  edge  for  initial  contact;  the  failure 
took  place  before  the  structure  could  make  exten¬ 
sive  contact  with  the  ice  sheet.  Moreover,  we 
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a.  Separate  failure  zone  around  each  structure. 
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Figure  26.  Ratio  of  initial  peak  ice  force  to  theoretical  ice 
force  (Tj/F r)  versus  ratio  of  center-to-center  distance  be¬ 
tween  structures  to  characteristic  length  (S/L J. 


sometimes  observed  the  broken  ice  blocks  sliding 
down  into  the  water  instead  of  climbing  up  the 
structure  right  after  the  first  failure  took  place. 

In  Figure  26,  the  FfFt  ratios  are  plotted  with 
respect  to  the  S/L  ratios  (this  is  normalized  center- 
to-center  distance  between  structures  relative  to 
characteristic  length  of  ice  sheet)  to  investigate  the 
influence  of  distance  between  the  structures.  On 
the  basis  of  the  scatter  in  Figure  26,  there  appears 
to  be  no  influence  of  distance  between  the  struc¬ 
tures  on  the  initial  ice  force  Fr 


CONCLUSIONS 

We  conducted  small-scale  experiments  by  push¬ 
ing  pairs  of  cylindrical  and  conical  structures 
through  floating  ice  sheets  to  determine  the  inter¬ 
action  effects  on  the  ice  f orces  of  the  distance  be¬ 
tween  the  structures.  The  properties  of  the  model 
ice  sheet  were  measured  intermittently  during  the 
experiments  to  enable  presentation  of  results  in 
nondimensional  form. 

For  the  tests  with  cylindrical  structures,  we 
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varied  their  diameter,  the  distance  between  them, 
and  their  relative  speed  with  respect  to  the  ice.  The 
modes  of  ice  failure  were  crushing,  buckling  and 
sometimes  bending. 

We  found  an  aspect  ratio  effect  in  the  maximum 
and  mean  ice  forces  when  the  structures  were 
placed  far  apart.  Velocity  had  no  effect  on  the 
measured  ice  forces. 

The  maximum  and  mean  values  of  the  ice  forces 
were  affected  when  the  distance  between  the  struc¬ 
tures  was  small.  For  distance  between  the  struc¬ 
tures  greater  than  four  to  five  times  the  structure 
diameter,  the  above  influence  was  nonexistent. 
When  the  distance  between  the  structures  was 
large,  the  resultant  force  was  almost  wholly  in  the 
longitudinal  direction.  When  the  distances  be¬ 
tween  the  structures  became  smaller,  the  direction 
of  resultant  force  shifted  outward,  indicating  that 
the  ice  failure  zone  occurred  on  the  outer  sides  of 
the  two  structures.  A  similar  effect  was  found  for 
the  mean  direction  of  resultant  ice  forces. 

The  dominant  frequency  of  the  ice  force  vibra¬ 
tions  was  also  affected  by  the  proximity  of  the 
structures.  When  the  structures  were  far  apart,  the 
dominant  frequency  of  ice-induced  vibration  was 
directly  proportional  to  velocity  and  inversely 
proportional  to  ice  thickness.  The  constant  of  pro¬ 
portionality  was  found  to  be  a  nonlinear  function 
of  aspect  ratio.  More  research  is  required  to  con¬ 
firm  this  conclusion. 

For  structures  placed  far  apart,  the  measured 
buckling  forces  were  in  agreement  with  theoretical 
buckling  loads.  When  a  common  zone  of  buckled 
ice  sheet  formed  because  of  the  proximity  of  two 
structures,  we  achieved  the  agreement  of  experi¬ 
mental  and  theoretical  buckling  loads  by  summing 
the  individual  loads  on  two  structures  and  taking 
the  width  of  the  combined  structures  to  be  the  sum 
of  distance  between  their  centers  and  their  radii. 

For  the  tests  on  conical  structures,  bending  was 
the  main  mode  of  ice  sheet  failure.  When  the 
structures  were  placed  close  to  each  other,  a  com¬ 
mon  bending  failure  zone  developed.  We  found 
the  mean  and  maximum  ice  forces  to  increase 
slightly  with  increasing  velocity.  There  appeared 
to  be  no  influence  of  the  distance  between  the 
structures  on  the  ice  forces. 
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APPENDIX  A:  RELATIONSHIP  BETWEEN  FLEXURAL  STRENGTH  AND 
IN -SITU  UNCONFINED  COMPRESSIVE  STRENGTH 


In  situ  unconfined  compressive  strength  tests 
were  performed  before  most  of  the  test  series  ac¬ 
cording  to  the  procedure  illustrated  in  Figure  3a 
and  described  in  detail  by  Kato  et  al.  (1982).  In  ad¬ 
dition,  tests  were  also  conducted  to  determine  the 
flexural  strength  and  characteristic  length  of 
floating  ice  sheets  for  all  test  series.  But,  as  men¬ 
tioned  above,  in  situ  unconfined  compressive 
strength  was  not  measured  for  some  test  series. 
The  purpose  of  this  appendix  is  to  establish  a  rela¬ 
tionship  between  the  flexural  strength  ( o( )  and  the 
unconfined  compressive  strength  (<ru)  of  model  ice 
from  the  available  data.  This  relationship  has  been 
used  in  this  study  to  estimate  the  unconfined  com¬ 


pressive  strength  of  model  ice  when  such 
measurements  were  not  made. 

Basically,  we  determined  the  in  situ  unconfined 
compressive  strength  by  loading  a  cantilever  beam 
with  a  flat  indentor  (Fig.  3a)  and  then  monitoring 
the  total  force.  A  typical  force  record  is  shown  in 
Figure  A).  The  unconfined  compressive  strength 
is  the  peak  force  divided  by  the  area  of  the  beam. 

The  data  are  plotted  in  Figure  A2  in  terms  of 
au/of  versus  o f.  We  used  nonlinear  regression  to 
determine  the  best  fit  curve,  which  is  shown  in 
Figure  A2  and  given  below. 

ou/of  =  1.4722  +  4.981  exp  ( -0.01159  of). 

(Al) 


f  igure  Al.  Typical  tee  force  record  during  unconfined  com¬ 
pressive  strength  test. 


(Jfl  Binding  Strength  (hPo) 


f  igure  .-12.  Ratio  of  unconfined  compressive 
strength  and  flexural  strength  of  ice  {ou/od 
versus  flexural  strength. 
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APPENDIX  B:  TEST  DATA 


Table  Bl.  Test  conditions  and  observed  failure  modes  (C  =  crushing,  B  =  buckling,  F  =  bending, 
Ct  =  crushing  with  radial  cracks). 
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Table  Bt  (cont’d).  Test  conditions  and  observed  failure  modes  (C  =  crushing,  B  =  buckling, 
F  =  bending,  Ct  =  crushing  with  radial  cracks). 
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20 

C 

C 

802 

30 

C 

C 

803 

40 

C 

C 

804 

50 

C 

C 

810 

810 

64 

45 

590 

80 

224 

352 

Uniaxial 

811 

20 

C 

C 

812 

30 

C 

C 

813 

40 

C 

C 

814 

50 

C 

C 

820 

82o 

64 

48 

540 

73 

149 

454 

Uniaxial 

821 

20 

C 

C 

822 

30 

C 

C 

823 

40 

C 

C 

824 

50 

C 

C 

850 

850 

64 

40 

540 

102 

307 

454 

Uniaxial 

851 

20 

C 

C 

852 

30 

C 

C 

853 

40 

C 

C 

854 

50 

C 

C 

860 

860 

64 

43 

540 

92 

204 

267 

Uniaxial 

861 

20 

C 

C 

862 

30 

C 

C 

28 


Table  B1  iconfd).  Test  conditions  and  observed  failure  modes  (C 
j.  =  bending,  Ct  =  crushing  with  radial  cracks). 


crushing,  B  =  buckling, 


Test  Test 

senes  no. 


d  h  L  a,  °u 

(mm)  (mm)  (mm)  I kPa ) _ (kPal 


S 

(mm) 


v  hailure  mode _ 

(mm  s/  Structure  I  Structure  2 


863 

864 

»X>  900  305  46  620  78  280* 

901 

902 

903 

«I0  910  305  51  620  68  266* 

911 

912 

913 

W,  950  305  42  630  100 

951 

952 

953 

%0  960  305  47  630  7%  2 ’6 

961 

962 


367 


1996 


1006 


1450 


40 

t 

t 

50 

( 

c 

25 

3 

3 

50 

1 

3 

75 

6 

3 

100 

1 

3 

25 

B  t 

B  3 

50 

B 

B 

75 

OK 

t  3 

100 

t 

t 

25 

3** 

3 

B 

50 

3** 

75 

C  3** 

B 

100 

t  B 

B 

25 

C 

B 

50 

C 

B 

75 

C 

B  1 

100 

C 

t 

963 


•  Estimated  by  eq  A  l 

•  •  Force  record  not  available 


Table  B2.  Measured  ice  forces  from  continuous  crushing  failure. 


Test 

no. 

d 

(mm) 

S 

(mm) 

V 

(mm/s) 

Structure  1 

Structure  2 

^ xmax 
(kN) 

^ ymax 
(kN) 

F xmean 
(kN) 

F 

rxmax 

(kN) 

fymax 

(kN) 

^  xmean 
(kN) 

110 

152 

270 

25 

6.98 

1.71 

2.93 

6.07 

1.88 

2.91 

111 

25 

6.95 

2.00 

2.72 

5.72 

1.74 

2  6) 

112 

50 

6.96 

1.96 

2.04 

5.44 

1.94 

2.43 

113 

50 

5.86 

1 .38 

2.67 

5.65 

1.65 

2.53 

120 

152 

401 

25 

7.67 

1.24 

2.98 

6.10 

1.54 

2.68 

121 

25 

6.74 

1.70 

3.01 

5.70 

2.21 

2.63 

122 

50 

5.04 

1.60 

2.33 

4.90 

1.64 

2.4) 

130 

152 

493 

25 

6.38 

1.59 

2.77 

7.30 

1.20 

2.89 

131 

25 

8.67 

2.09 

2.89 

6.38 

1.19 

2.98 

132 

50 

6.14 

1.51 

2.53 

5.15 

1.57 

2.47 

140 

152 

60S 

25 

6.59 

1.23 

3  69 

7.39 

1.60 

3.73 

141 

25 

7.49 

1.66 

3  64 

6.82 

1.42 

2.77 

142 

50 

4.95 

1.65 

2.56 

4.95 

1.21 

2.50 

200 

152 

253 

25 

4.87 

1.17 

2.34 

4.95 

1.31 

2.14 

201 

25 

4.72 

1.17 

2.17 

4.70 

0.92 

2.33 

202 

50 

4.53 

1.45 

2.18 

4.38 

1.48 

2.01 

210 

152 

400 

25 

5.00 

1.55 

3.28 

3  66 

0.13 

1.68 

211 

50 

6.59 

1.37 

3.15 

4.17 

0.37 

1.46 

220 

152 

502 

25 

6.32 

1.12 

3.08 

5.52 

1. 14 

3.42 

221 

25 

6.89 

1.63 

3.34 

5.85 

0.81 

3.11 

222 

50 

4.64 

1.25 

2.50 

5.15 

1.57 

3.48 

401 

152 

259 

20 

5.49 

1.02 

2.70 

4.40 

1.02 

2.31 

402 

30 

4.91 

1.87 

2.93 

5.22 

1.41 

2.75 

403 

40 

4.05 

1.71 

2.34 

3.89 

1.56 

2  52 

404 

50 

5.34 

1  66 

2.68 

4.97 

1.60 

2.4) 

411 

152 

420 

20 

5.00 

1.32 

2.14 

4.49 

1.04 

2.57 

412 

30 

5.67 

1.13 

3.67 

4.85 

0.97 

2.92 

413 

40 

4.57 

1.29 

2.14 

4.67 

1.29 

2.46 

414 

50 

6.69 

1.30 

2.88 

4.51 

1.41 

2.47 

421 

152 

513 

20 

6.02 

1.21 

3.84 

6.33 

0.89 

388 

422 

30 

6.26 

1.47 

3.63 

3.88 

1.14 

3.58 

423 

40 

5.84 

1.68 

3.81 

5.74 

1.85 

300 

424 

50 

4.17 

1.44 

2.35 

4.97 

1.84 

2.26 

431 

132 

815 

20 

4.68 

0.60 

3.09 

4.4! 

0.51 

2.64 

432 

30 

5.57 

0.82 

3.08 

4  96 

0.51 

2.79 

433 

40 

5.70 

1.55 

3.24 

5.77 

1.61 

3.06 

434 

50 

4.93 

1.28 

2.79 

5.03 

1.30 

3.24 

303 

152 

813 

40 

8.60 

0.82 

4.64 

8.32 

0.74 

3.72 

504 

50 

— 

— 

— 

7,75 

1.15 

4.47 

311 

132 

1006 

20 

_ 

_ 

_ 

7.41 

0.72 

4.22 

512 

30 

7.58 

0.54 

4.29 

8.68 

1.24 

3.93 

513 

40 

8.21 

0.72 

4.70 

8.92 

1.08 

4.68 

514 

50 

— 

— 

— 

7.74 

0.96 

4.05 

30 


Tabic  B2  (coat'd).  Measured  ice  forces  from  continuous  crushing  failure. 


Structure  I  Structure  i 


Test 

no. 

d 

(mm) 

S 

(mm) 

V 

(mm  Is) 

? xmax 
IkN) 

^ ymax 
(kS) 

^ xmean 
<kN) 

Fxm<&r 

<kN) 

^  ymax 
(kN) 

F xmean 
(kN) 

521 

152 

597 

20 

7.54 

1.26 

4.98 

8.13 

1.56 

4.05 

522 

30 

7.78 

0.8) 

4  71 

7.89 

1.57 

4.60 

523 

40 

8.43 

1.10 

4.74 

8.29 

1.53 

4.31 

524 

50 

8.83 

0  94 

4.52 

8.21 

0.85 

5  07 

801 

64 

259 

20 

2.51 

1.14 

1.24 

2.50 

0.98 

1.30 

802 

30 

2.48 

0.82 

0.94 

2.29 

0.79 

096 

803 

40 

2.54 

0.98 

1.01 

2  30 

0.87 

1.05 

804 

50 

2.26 

0.99 

0.96 

2.02 

0  94 

1.01 

811 

64 

358 

20 

2.25 

1.06 

1.02 

2.77 

0,79 

1.24 

812 

30 

2.60 

— 

1.02 

2.35 

0.85 

1.13 

813 

40 

2  51 

0.55 

0.99 

2.30 

I  01 

0.98 

814 

50 

2  32 

0  70 

1.03 

230 

0.7) 

1.08 

821 

64 

434 

20 

2.59 

0.64 

1.33 

3.05 

0.77 

1.46 

822 

30 

2.62 

0.86 

1.26 

2.45 

0.56 

1.34 

823 

40 

2.40 

0  88 

111 

2.31 

0.97 

111 

8X4 

50 

2.36 

0.85 

1.16 

2.40 

0.75 

1.16 

851 

64 

539 

20 

2.32 

0.70 

1.22 

2.62 

0.83 

1.31 

832 

30 

2.55 

0.86 

1.15 

2.37 

0.75 

1.18 

853 

40 

2.25 

0.73 

1.11 

2.10 

0.48 

1.13 

854 

50 

2.42 

0.7  0 

JO) 

1.95 

0.54 

1.05 

861 

64 

267 

20 

2.30 

0.85 

l  to 

2.55 

0.91 

1.27 

862 

30 

2.05 

-0.84 

0.97 

2.50 

0.87 

1.08 

863 

40 

1.95 

0.81 

0  91 

1  90 

0.67 

0.98 

864 

50 

2.00 

0.70 

0.91 

1.80 

0.63 

0.95 

912 

305 

1996 

75 

7.05 

1.43 

4.30 

5.85 

1.08 

3.23 

913 

100 

6.45 

1.09 

3.50 

6.30 

1.46 

3.75 

953 

305 

1006 

100 

7.20 

2.37 

4.81 

- 

- 

- 

960 

305 

1450 

25 

9.00 

0.91 

7.36 

— 

— 

— 

961 

50 

10.01 

2.38 

7.05 

— 

— 

— 

962 

75 

9.20 

1.77 

6.27 

— 

— 

— 

963 

100 

8.20 

1.87 

5.66 

7.20 

0.79 

5.13 

1 


31 


r  ~ 


l 


» 

! 


Table  B3.  Average  angle  of  force  direc¬ 
tion. 


Test  sertes 

S 

(mm) 

Structure  1 

« 

1°) 

Structure  2 

e 

c> 

110 

270 

10.60 

9.75 

120 

401 

5  14 

8.08 

130 

493 

3.09 

3.77 

140 

608 

2.97 

1.32 

400 

259 

10.90 

9.65 

410 

420 

8.08 

6.6’’ 

420 

513 

9.48 

5.76 

430 

815 

3  03 

1.49 

500 

815 

2.18 

1  15 

510 

1008 

2  86 

1.32 

520 

597 

2.12 

1.20 

800 

259 

13.00 

14.41 

810 

359 

0.23 

9.70 

820 

454 

6.16 

4.57 

850 

454 

4  23 

5.03 

860 

267 

15.96 

15.48 

Table  B4.  Frequency  of  ice-induced  vibrations. 

Dominant  frequency 

Dominant  frequency 

Test 

(Ha 

1  elocuy 

Test 

(Ha 

\  elocitv 

no 

Structure  1  Structure  2 

(mm  s) 

mt. 

Structure  f 

Structure  2 

(mm  s ) 

no 

0.13 

0.78 

25 

511 

_ 

5.47 

20 

in 

1.04 

3.64 

25 

5)2 

6.64 

6  64 

30 

112 

3.78 

1.17 

50 

513 

8.59 

3.91 

40 

113 

4.04 

2  34 

50 

514 

— 

10.94 

50 

120 

0  26 

0.39 

25 

521 

3.91 

3.91 

20 

121 

7.68 

3.91 

25 

522 

6.25 

5.86 

30 

122 

0.65 

0  65 

50 

523 

7.81 

7.81 

40 

130 

1.30 

3.78 

25 

524 

9.38 

9.78 

50 

131 

0  65 

0.39 

25 

801 

0.98 

0.39 

20 

132 

3.65 

3.78 

50 

802 

3.91 

2.15 

30 

140 

7.03 

0.26 

25 

803 

4.49 

2.34 

40 

141 

3.90 

3.77 

25 

804 

2.73 

4.26 

50 

142 

2.21 

0.52 

50 

811 

0.99 

0.39 

20 

401 

1.56 

0.52 

20 

812 

1.76 

1.56 

30 

402 

0.78 

1.77 

30 

813 

1.95 

1.75 

40 

403 

3,00 

3  26 

40 

814 

4.89 

3.13 

50 

404 

1.69 

0.39 

50 

821 

1.04 

1.17 

20 

411 

1.56 

— 

20 

822 

1.37 

2.35 

30 

412 

10.42 

— 

30 

823 

2.34 

2.64 

40 

413 

1.30 

0  65 

40 

824 

3.05 

2.34 

50 

414 

0  52 

0.39 

50 

851 

1.37 

0.59 

20 

421 

4.04 

1.30 

20 

852 

2.54 

2.15 

30 

422 

1 1 .45 

10.55 

30 

853 

3.32 

4.10 

40 

423 

10.55 

0.52 

40 

854 

4.26 

3.71 

50 

424 

3.51 

3.51 

50 

861 

0.39 

0.39 

20 

431 

3.75 

6.15 

20 

862 

2.54 

1.37 

30 

432 

7.50 

— 

30 

863 

3,52 

2  34 

40 

433 

1.30 

1.17 

40 

864 

2.54 

3.51 

50 

434 

0.52 

0.52 

50 

960 

3.91 

— 

25 

503 

9.77 

7.95 

40 

961 

10.89 

— 

50 

504 

— 

12.10 

50 

962 

16.34 

— 

75 

— 

- 

- 

- 

963 

7  39 

21  4) 

100 

32 


Table  B5.  Buckling  loads 


Test 

no. 

S 

(mm) 

L 

(mm) 

d 

(mm) 

V 

(mm/s) 

*b 

(kN) 

fb 

(kN) 

Type • 

401 

259 

656 

152 

20 

3.6 

3.7 

S 

411 

420 

596 

152 

20 

3.6 

3.2 

S 

501 

815 

519 

152 

20 

5.8 

4.9 

1 

502 

815 

519 

152 

30 

4.6 

4.2 

1 

504 

815 

519 

152 

50 

5.6 

5.2 

1 

511 

1008 

550 

152 

20 

6.3 

6.5 

1 

512 

1008 

550 

152 

30 

7.2 

I 

521 

597 

619 

152 

50 

6.2 

7.4 

1 

701 

260 

420 

(52 

20 

No  data 

2.3 

s 

702 

260 

420 

152 

30 

No  data 

2.6 

s 

703 

260 

420 

152 

40 

3.2 

3.6 

s 

704 

260 

420 

152 

50 

2.4 

3.1 

s 

711 

1012 

415 

152 

20 

3.5 

1 

712 

1012 

415 

152 

30 

3.6 

4.2 

1 

713 

1012 

415 

152 

40 

3.) 

3.4 

1 

714 

1012 

415 

152 

50 

3.2 

3.5 

I 

722 

604 

496 

152 

30 

2.6 

1 

723 

604 

496 

152 

40 

3.0 

3.3 

I 

724 

604 

496 

152 

50 

2.2 

2.7 

s 

910 

367 

617 

305 

25 

6.2 

4.0 

s 

951 

1006 

630 

305 

50 

5.0 

1 

952 

1006 

630 

305 

75 

6.0 

1 

953 

1006 

630 

305 

100 

6.0 

6.0 

1 

960 

1450 

630 

305 

25 

7.0 

1 

961 

1450 

630 

305 

50 

6.5 

1 

962 

1450 

630 

305 

75 

7.3 

1 

*  I  =  buckling  of  ice  sheet  around  each  structure  separately. 

S  =  buckling  of  ice  sheet  around  two  structures  simultaneously. 


Table  B6.  Summed  buckling  loads  when 
(he  (wo  s(ruc(ures  caused  a  single  failure 
zone  in  (he  ice  sheel. 


Test  S  d  S  +  d  L  Ff 


no. 

(mm) 

(mm) 

(mm) 

(mm) 

(kN) 

401 

259 

152 

4114 

656 

7.3 

411 

42C 

152 

5724 

596 

6.8 

703 

260 

152 

4124 

420 

6.8 

704 

260 

152 

4124 

420 

5.5 

724 

604 

152 

7564 

496 

4.9 

910 

367 

305 

6718 

617 

10.2 

33 
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